Twenty-six years of monitoring annual recruitment of the invasive zebra mussel (Dreissena polymorpha) in the Rideau River, a small river system in Eastern Ontario Abstract. We monitored the recruitment of young-of-year zebra mussels (Dreissena polymorpha (Pallas, 1771)) each autumn at 13 locations within four river reaches along the length (100 km) of the Rideau River, starting in 1990, the year of its discovery in that river, until 2015. Sampling was conducted on bottom structures of locks or on seasonally exposed substrate during autumn draw-downs conducted by Rideau Canal staff. 26 years of monitoring zebra mussels in that river revealed a distinct and persistent upstream-downstream pattern, with highest densities occurring in the two downstream reaches. A 'lake effect' was observed at Long Reach, where veligers have ideal conditions for larval development. Highest densities occurred in the mid-1990s, comparable to those reported in the Laurentian Great Lakes during peak invasion (200,000-500,000+ mussels/m 2 ). Although the most upstream reaches of the river had low recruitment rates and low densities initially (0.01 to 10 mussels/m 2 ), annual recruitment progressively increased to higher values (10 to 1000+ mussels/m 2 ) as more veligers from the Rideau Lakes and the river headwaters were produced and drifted into the system. This study is unique as it provides a thorough understanding of the 26 years of invasion history of the zebra mussel in a small river system. Page 2 of 36 https://mc06.manuscriptcentral.com/cjz-pubs Canadian Journal of Zoology (Dreissena polymorpha (Pallas, 1771) ) dans 13 sites répartis au sein de quatre sections de la rivière Rideau. L'échantillonnage a été réalisé de 1990 (année de la découverte de l'espèce dans la rivière) à 2015, sur le fond des écluses ou des structures de récifs exposées durant des périodes de drainage. Ces suivis révèlent un contraste amont-aval distincte, avec les plus hautes densités observées dans les deux sections en aval de la rivière. Un « effet lac » a été observé au Long Reach, où les véligères trouvent des conditions de développement idéales. En aval, les plus hautes densités ont été observées durant les années 1990s, avec des valeurs comparables à celles rapportées dans les Grands lacs durant le pic d'invasion (200,000 à plus de 500,000 moules/m 2 ). En amont, bien que le recrutement annuel montrait de faibles taux associés à de faibles densités (0.01 à 10 moules/m 2 ), il a augmenté à mesure que les véligères dans les lacs Rideau dérivaient vers la rivière pour atteindre des valeurs plus élevées (10 à plus de 1000 moules/m 2 ). Cette étude est unique parce qu'elle révèle l'historique de l'invasion par la moule zébrée dans une petite rivière durant une période de 26 ans.
Introduction
In North America, the first specimens of the invasive zebra mussel, Dreissena polymorpha (Pallas, 1771) (Bivalvia, Dreissenidae) were reported in the Laurentian Great Lakes, in 1986 in Lake Erie and 1988 in Lake St. Clair (Hebert et al. 1989; Carlton 2008; Benson 2014) . Since then, this small mollusc has spread rapidly across much of North America (Benson 2014) , moving downstream as drifting veligers and early post-metamorphic stages (Griffiths et al. 1991; Carlton 1993; Martel 1993) , as well as spreading overland from one watershed to the next as byssally-attached juveniles and adults via boat traffic, facilitated by navigation canals and overland transportation of recreational boats (Carlton 1993; Johnson et al. 2001; Rahel 2013) . In Canada, the zebra mussel, initially found in the eastern provinces of Ontario and Quebec, is also spreading westward, having been recently reported (2013, 2015) as far west as the Lake Winnipeg-Red River basin, Manitoba (Government of Manitoba 2017).
Many zebra mussel studies that focused on the demography or spatial variation in population density through time have been conducted in lakes (Stanczykowska 1977; Stanczykowska and Lewandowski 1993; Nalepa et al. 2010; Marsden et al. 2014 ) and occasionally in large river systems (Strayer et al. 1996; Cope et al. 2006; Strayer and Malcom 2006; Strayer et al. 2011) . However, in contrast with studies conducted in large lake or large river systems, the state of knowledge of the long-term demography and colonization dynamics of zebra mussel populations in small river systems (i.e. a few hundred km or less in length) is inadequate. To our knowledge, no long-term studies have been carried out over more than a decade in small rivers, either in Europe, Asia, or North America. Yet, as stated by Strayer and D r a f t Malcom (2006) , "Effective understanding and management of the effects of zebra mussels…depend on understanding of their long-term demography, which may vary among ecosystems." This knowledge is required by water facility managers, canal and waterway authorities, as well as aquatic ecologists and conservation biologists since the spread of the zebra mussel adversely impacts native species, such as native unionid mussels (Haag et al. 1993 ; Gillis and Mackie 1994; Martel et al. 2001 ). Zebra mussels also lead to changes in phytoplankton composition and dynamics (Adlerstein et al. 2014) , including promoting toxic Microcystis blooms in lakes . There is a need to understand both the long-term demography and population dynamics of the zebra mussel in small river systems, whether these rivers are heavily used by humans or are habitats with a rich fauna of native aquatic species, including species at risk. The Rideau River, which is 100 km in length, is located in Eastern Ontario. The river is highly regulated and flows through numerous dams and weirs to accommodate navigation, control flooding and permit ice skating in winter. This river is the location of the Rideau Canal system, "the oldest continuously operating canal in North America [since 1836]" and a D r a f t Page 6 10,000 to 100,000 fold increase in zebra mussel density, sometimes reaching over 300,000 mussels per square metre, already adversely affecting the survival of indigenous species of freshwater mussels (Martel et al. 2001) . Overall, the Rideau River has proven most favorable for this invasive mollusc, because of its low gradient, limestone geomorphology, high abundance of summer phytoplankton and particularly high dissolved calcium content (Vidal et al. 2004; Hamilton et al. 2012 ).
Following our first study which focused on zebra mussel discovery and initial invasion in the downstream section of the river (Martel 1995) , we established a long-term monitoring program to understand the population dynamics of zebra mussels between the upstream and downstream sections of the Rideau River, monitoring rates of annual recruitment for two and a half decades. This study addresses two questions: (i) Following the initial invasion, how do the dynamics of annual recruitment and colonization evolve over a long period of time in this small river that has proven to be such an ideal habitat for zebra mussels (densities comparable to those reported for Lake Erie during peak invasion)? (ii) With only a few individuals observed in the upstream sections of the Rideau River in 1995 (initial study), does this upstream to downstream pattern of recruitment persist over a long period of time? Our study shows that high recruitment rates and extremely high population densities can continue for 26 years in the downstream reaches and that a steep upstream-downstream pattern of recruitment can persist.
Although annual recruitment rates increased in the upstream reaches of the river, they never reached the high values observed downstream. We propose some hypotheses as to why annual recruitment and population densities have remained much more moderate in the upstream reaches of this river.
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Materials and methods

Measures of annual recruitment in drained navigation locks and exposed rocky reefs
Beginning at the outlet of the Rideau Lakes area, the Rideau River (Fig. 1 ) flows for 100 km from Smiths Falls to the Ottawa River, passing through forested, agricultural and urban lands via a series of dams, weirs and 31 navigation locks. The locks of the Rideau Canal are short, acting like side channels which bypass the main stem of the river. The water going through the locks represents a sample of the river water, and thus includes the veligers of the zebra mussel as they drift through the system. The vast majority of locks along the canal system are drained in late autumn, thus limiting the number of zebra mussels found attached inside the locks to one season of growth (from May to October). Concrete and limestone blocks in lock chambers are accessible for our zebra mussel counts when the water level of the Rideau Canal is drawn down by Parks Canada staff in preparation for winter. Collection of zebra mussels at each site was conducted annually in October and November and timed as to occur usually within 24-72 hours after the drawdown. This timing meant that attached zebra mussels found inside navigation lock chambers, limestone rocky reefs (Mooneys Bay) or dam weirs (Black Rapids) were intact and had just been recently exposed. These mussels were young-of-the-year individuals that had settled during the summer and early fall as drifting veliger larvae or early post-metamorphic stages (Martel 1993 ) from upstream. Thus, counts of zebra mussels obtained during this study were defined as measures of 'annual recruitment' (Hadfield 1986) . The term 'annual recruitment' used herein is also synonymous with annual colonization and refers to the young-of-the-year individuals that could be counted in late fall.
D r a f t Four sections of the Rideau River ( Fig. 1) were sampled (Martel 1995 , Hamilton et al. 2011 ). The first section (Upstream I, km 0-9) flows out of the Lower Rideau Lake and includes three sample sites ( Fig. 1 ). Starting at Smiths Falls, Upstream I is characterized by fast current over extended distances below dams. This first section is highly regulated with impoundments (Watson 2017) . The second section (Upstream II, km 9-36), from Edmonds to Burritts Rapids, ( Fig. 1) , is mainly agricultural and recreational, lowest in nutrients (Vidal et al. 2004 
Expansion of zebra mussels in the Rideau River and Rideau Canal
The expansion of the zebra mussel population was examined at 13 sites in the Rideau River and the Rideau Canal (Table 1 , Fig. 1 ) from the year of its discovery in 1990 (Martel 1995) until 2015. Geographical coordinates (Table 1) were taken at each site with a GPS. Densities of zebra mussels were determined by sampling the concrete or limestone blocks of the upper doorsills of drained navigation locks between Smiths Falls and Burritts Rapids. Four locks D r a f t Page 9
between Long Island and Ottawa were sampled along stone floors of the locks. Alternative hard substrates were chosen at three sites where drained locks were not available: Black Rapids (concrete wall of the dam), Long Island Marina in Kars (surfaces of floats from under docks) and Mooneys Bay (limestone reefs) (Table 1) . Smiths Falls Locks (lock #31) was unsafe and thus not sampled in 1996 and 1999 due to high water levels. In 1997 Smiths Falls Locks, and in 1998 Old Slys Locks, were undergoing renovations and not available for standard sampling procedure. Nevertheless, at Old Slys, zebra mussel density was estimated from the only undisturbed 1 m 2 surface of the lock chamber available during construction.
When zebra mussel populations were at low densities (~100 mussels/quadrat) they were counted in situ using PVC quadrats (1 m 2 to 0.1 m 2 ) placed randomly along a linear transect (Martel 1995) . When counted in the field, zebra mussels as small as 2 mm shell length were large enough to be seen by the naked eye. Annual recruitment was determined by calculating the mean density per m 2 for all sites. For some upstream locks where the drawdown was not yet complete and were temporarily flooded to a depth of a few centimeters, we used an aquaview (Waterview TM , Toronto, Canada) to count zebra mussels.
When the density of zebra mussels significantly increased over the years, individuals could not be counted directly in the field because they were layered on top of each other. They were scraped off the surface with a metal or plastic scraper and specimens were preserved in 70% ethanol and brought to the laboratory at the Canadian Museum of Nature (CMN). Also, smaller quadrats (0.0225 to 0.0025 m 2 ) were used because of these high numbers. In the laboratory, samples were sieved through a 105 µm mesh sieve to remove small debris, and split if A total of 54 samples, representatives of the zebra mussels collected at each site, were preserved and deposited in the mollusc collections at the CMN: CMNML2018-0096 to CMNML2018-0150.
Data and statistical analysis
For analysis and graphic purposes, annual recruitment rates of zebra mussels was charted in two different ways: (i) for all individual sites from upstream to downstream; (ii) groups of sites within four different sections of the river sections from upstream to downstream. For the latter, mean density values of zebra mussels were calculated for the following groups: (Fig. 1) .
The Ottawa Locks are located at the end of a long and narrow artificial canal, with low water current and unique hydrological characteristics, unlike all other locks, and recruitment of zebra mussels at that site was not representative of the adjacent Rideau River. This isolated site was therefore not included in the analysis of mean density of the Downstream II river section. Table   2 in this paper is linked to a Supplementary Table which includes the standard error (SE) and the number of samples (N) and is available on the CJZ web site.
Among-year and among-site comparisons of groups of zebra mussel densities were made using the non-parametric test Kruskal-Wallis one-way ANOVA and the software Systats® version 13. This type of test was used following confirmation that values for mean counts of zebra mussels per quadrat displayed non-normality of distribution (Sokal and Rohlf 1995) . Counts in given reaches were highly non-normal and could not be transformed to normality using any of the usual transformations.
D r a f t Page 12 sections, occurred between Burritts Rapids and Long Island Locks, a segment called the Long Reach (Figs. 1, 2) . Persistence of the pattern is clearly seen in Figure 2 . The photos in Figure 2 depict low (1990s) to moderate (2000s) recruitment at the upstream sections during the 26-year span of this study (Fig. 2 A, B. ), compared with extremely high recruitment rates of zebra mussels (commonly > 300,000 mussels m 2 ) in the downstream sections of the river (Fig. 2 C, D) (p ˂ 0.001), even early in the study (mid 1990s).
Below are the key demographic changes that occurred along the upstream and downstream reaches of the river during the 26 years of this study.
1990-1995
Upstream I, II. Zebra mussels were practically absent from the upper reaches of the river. In 1993, with the exception of a single individual found at Smiths Falls and Burritts Rapids, none were detected at the two upstream reaches (Table 2) . A comparable situation occurred in 1994.
In 1995, however, zebra mussels had colonized the upper reaches of the Rideau River and were observed at the all upstream locations, with mean densities from 0.47 to 28 mussels/m 2 ( (Table 2) , with the highest density of zebra mussels occurring at Hogs Back Locks, in the city of Ottawa, with a mean density of 460,960 mussels/m 2 . At the end of the Rideau Canal, at Ottawa Locks, although densities were lower, the increment from 1993 to 1995 was also steep, five orders of magnitude ( Fig. 3) (p ˂ 0.001). At Kars, which is approximately halfway in the Long Reach (Fig. 1) , densities of zebra mussels also increased dramatically, as in all the downstream sections, from 0.9 to 44,702 mussels/m 2 (Table 2) ( Fig. 3) (p ˂ 0.001). In 1995, mean densities of zebra mussels per m 2 was 213,900 and 283,996 for Downstream I and II, respectively ( Fig. 4) .
1996-2000
Upstream I, II. Mean density of zebra mussels was on the increase in the uppermost reach of the river during 1996-1999, especially in 1999 (Table 2 , Fig. 4 ). Mean density values for Upstream I increased from 2.2 to 38.7 mussels/m 2 (p ˂ 0.001) ( Fig. 4) , reaching a plateau by 1999.
Similarly, in Upstream II, mean density of zebra mussels also increased, with mean values increasing from 10.7 to 84.8 mussels/m 2 during that period ( Fig. 4) (p ˂ 0.001).
Downstream I, II. Mean density of zebra mussels had reached a plateau in both downstream sections of the river (Fig. 4) , although there were significant differences in density between D r a f t Page 14 years (p < 0.001). Mean densities ranged from 63,842 to 265,900, and from 14,089 to 215,745 mussels/m 2 , for downstream I and II, respectively.
2001-2005
Upstream I, II. Mean densities of zebra mussels at Upstream I reached maximum values between 2001 and 2005 and showed wide variation, oscillating between 5 and 111 mussels/m 2 ( Fig. 4) (p < 0.001 ). For the upstream II sites, mean density values continued to increase, reaching a maximum of 5,562 zebra mussels/m 2 in 2003 ( Fig. 4) (p ˂ 0.001), also displaying wide variation among years.
Downstream I, II. In 2001 and 2002, for both downstream I and II reaches, mean density of zebra mussels remained within the plateau reached previously (1996) (1997) (1998) (1999) (2000) , with values of 53,433 to 306,480 mussels/m 2 (Fig. 4) .
2006-2015
Upstream I, II. During this 10 year period, at Upstream I, densities of zebra mussels, although displaying differences among years (p ˂ 0.001), remained within the previous plateau and was relatively stable, with values ranging between 15 and 53 mussels/m 2 (Fig. 4) . During the same time period, at the Upstream II sites, values dropped sharply to a low of 45 zebra mussels per m 2 in 2009 (p ˂ 0.001), but recovered by 2010 and continued to rise in 2015, with values of 498 and 1998 mussels/m 2 , respectively ( Fig. 4) 
D r a f t Downstream I, II. Mean densities of zebra mussels in both downstream sections (I, II) decreased during this time period, dropping from 68,444 to 10,246, and from 146,640 to 28,196 mussels/m 2 , for downstream I and II, respectively (p < 0.001).
Discussion
This study reveals the dynamics of the colonization of the zebra mussel in a small river system, the Rideau River, spanning a 26-year period. We are not aware of similar studies on annual recruitment of Dreissena polymorpha in small river systems involving decades of monitoring. This study thus fills a gap in our knowledge of the dynamics of populations of this invasive bivalve. The paragraphs below cover the salient points of the findings.
Zebra mussel habitat requirements and the Rideau River
The zebra mussel has been shown to thrive in rivers or lakes where certain water chemistry requirements are met. Studies have shown that high calcium concentrations (~ 40 mg/L), high pH (7.5-8.4), and relatively productive, nutrient-rich waters, are key elements to population growth and rapid proliferation of this species (Sprung 1993; Schloesser 1995; Hincks and Mackie 1997; Vidal et al. 2004; Jones and Ricciardi 2005; Whittier et al. 2008; Hamilton et al. 2012 ). The Rideau River flows over Ordovician limestone, resulting in calcium concentrations of 29-45 mg/L with a pH ranging from 7.23 to 8.99 (Hamilton et al. 2012) . The waters of the Rideau River are productive, with moderate to high phosphorous and nitrogen content, leading to high primary productivity (Hamilton et al. 2012) . In fact, during the 26 years of study, density of zebra mussels at several downstream sites commonly reached values as high as 200,000-500,000+ mussels/m 2 , values comparable to those reported for the Laurentian Great D r a f t
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Lakes during peak fouling events, such as in the Lake Erie in the early 1990s (Kovalak et al. 1993; Schloesser 1995) .
Persistence of an upstream-downstream pattern
The upstream-downstream pattern of colonization in the Rideau River has persisted throughout the 26 years of our study. Zebra mussels have remained consistently more numerous within and below the Long Reach of the Rideau River compared to the upstream river sections. Lower recruitment rates upstream, and higher rates downstream, were expected when considering the hydrological characteristics of the Rideau River. The upstream reaches are "narrow, shallow with moderate discharge" (Hamilton et al 2012) , characteristics known to be less favorable to the growth and reproduction of the zebra mussel.
The Long Reach (Downstream I) has repeatedly displayed the steepest increase in zebra mussel density for the entire river (Fig. 3) . Such an increase in density had previously been reported in the early phase of the invasion (Martel 1995) at Kars and Long Island, as compared with sites found upstream of Long Reach. This pattern of recruitment and colonization in the middle and downstream end of Long Reach (at Kars and Long-Island Lock) supports the view that Long Reach acts as an 'in-line riverine lake' (Stoeckel et al. 2004 ), favorable to the development of veliger larvae and high settlement rates (Stoeckel et al. 1997 (Stoeckel et al. , 2004 .
Downstream of Long Reach are dams at Black Rapids and Mooneys Bay which divide the river into additional impounded sections similarly acting as in-line riverine lakes. The observed densities of zebra mussels at downstream II sites supports the hypothesis that in-line riverine lakes are important sources of zebra mussel populations downstream.
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In contrast, upstream sites displayed a much slower rate of increase in recruitment and colonization when compared to the downstream sections of the river, taking about ten years to reach only moderately-high zebra mussel densities. Factors that may have contributed to this slower population growth include the rate of supply of zebra mussel larvae from the headwaters, and water chemistry. It was only in the year 2000 that zebra mussels were first reported in the Rideau Lakes (Watson 2017) , which lie at the headwaters of the Rideau River ( Fig. 1) . It is therefore likely that in the early years of colonization few larvae were drifting downstream from the Rideau Lakes towards Smiths Falls. Moreover, Vidal et al. (2004) reported that the calcium content of the Rideau Lakes and upstream-most sections of the Rideau River is 29-30 mg/L, contrasting with downstream values of 42-44 mg/L. Calcium has been shown to be an important limiting factor for larval development and rapid population growth in zebra mussels (Schloesser 1995) . On the other hand, although many studies have correlated calcium concentration with zebra mussel colonization rates, Jokela and Ricciardi (2008) mention that in calcium-rich North American lakes, a minimum threshold of 24 mg L -1 exists, beyond which there would be no correlation. Enrichment with many chemical elements, including calcium, occurs as the Rideau River flows downstream (Vidal et al. 2004 ). This downstream enrichment could favor higher production of phytoplankton, the key food source of zebra mussels (Vidal et al. 2004; Hamilton et al. 2012) leading to higher densities downstream. In this study, sites located upstream consistently had the lowest annual rate of recruitment (Figs. 3, 4 ) and major and sudden zebra mussel invasions, like that observed downstream during 1995, never occurred during the 26 years of this study.
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Comparing Upstream I and II, densities of zebra mussels were commonly one order of magnitude higher in the Upstream II reach (Fig. 4) . These results constitute additional evidence supporting the hypothesis of another 'in-line riverine lake effect', in this case occurring between Edmonds and Merrickville. This reach represents a low-current portion of the river and includes many wide river segments and quiet bays (Fig. 1) , possibly acting like a long shallow lake comparable to Long Reach. These observations provide further evidence for the importance of slower sections of the river which favors veliger development and heavier larval recruitment downstream.
Possible factors affecting annual recruitment
For both the upstream and downstream sections of the river, our study showed that significant annual variation in recruitment occurred once a plateau had been reached following colonization of any river reach (Fig. 4) . In this study, environmental factors affecting annual recruitment of the zebra mussel in the Rideau River are unknown and were beyond the scope of this study. In 2000, annual recruitment was significantly lower at Upstream I and II, as well as Downstream II sections of the river; that year also showed a significantly lower mean annual temperature and markedly higher mean annual precipitation (Ottawa International Airport weather station). Lucy et al. (2008) linked high rainfalls as a factor adversely impacting zebra mussel recruitment in Ireland. In the Hudson River, Strayer and Malcom (2006) The Ottawa Locks are located at the end of the Rideau Canal (km 99) and showed consistently lower recruitment rates compared with other downstream II sites. Located at the end of a long, shallow and narrow canal, this site does not represent the adjacent Rideau River.
With little flow going through this section, it is possible that lower larval abundance leads to lower recruitment (Martel et al. 1994) at the Ottawa Locks.
Importance of long-term monitoring
Long-term monitoring in this study allowed us to elucidate the dynamics of zebra mussel recruitment not only over time, but also between reaches of the Rideau River. This 26-year study has allowed us to demonstrate the upstream progression of the intensity of the colonization in the upstream reaches of the River, and at the same time show that an upstreamdownstream pattern has remained for the entire duration of the study. Most long-term studies on the recruitment and population dynamics of the zebra mussel have been conducted in large lakes (David Strayer, pers. communication) . Among the few studies that have involved the long-term monitoring of zebra mussel populations in river systems for more than one decade are those conducted in the Hudson River by Strayer and Malcom (2006) and Strayer et al. (2011) . We concur with Strayer and co-workers who pointed out that only long-term demographic studies provide an adequate understanding of the invasion history and the impact of zebra mussels in a river system.
Conclusions
This study is unique as it examines the colonization of the zebra mussel in a small river system during a 26 year period. Our results show that annual recruitment of zebra mussels D r a f t Page 20 remained very high in the downstream sections of the Rideau River throughout the study. At some downstream sites of this small river, densities reached values as high as those reported for the Laurentian Great Lakes during severe fouling events in early 1990s. The observed upstream-downstream pattern of recruitment of zebra mussels has persisted throughout the duration of this study. The results support the hypothesis that lake-like river reaches act as narrow lakes which favor development of zebra mussel veligers, leading to heavy settlement and recruitment immediately downstream. To understand adequately the invasion history and impact of zebra mussels in a river system, it is important to monitor its demography over the long term, for one or more decades. clusters of zebra mussels can be seen attached to the wooden doors as well as rock and concrete tiles of the Upper Nicholsons lock chamber; such moderate densities of zebra mussels at those upstream sites were still no match for those observed at sites located downstream of the Long Reach for the same year (panel D).
Figure 3.
Abundance of zebra mussels (Dreissena polymorpha) (mussels per m 2 ) at 13 sampling sites along the Rideau River during seven selected years between 1993 and 2015, from its source at Smiths Falls (km 3) to near its connection with the Ottawa River at Ottawa locks (km 99). The position of the Long Reach, a 43 km long navigable lock-free segment of the river, is indicated in gray. Quadrat size used for counting varied depending on the number of individuals attached to the substrate, ranging from 1 m 2 when numbers were very low, to 0.0025 m 2 when densities were extremely high.
D r a f t Page 30 Figure 4 . Mean annual density of zebra mussels (Dreissena polymorpha) (mussels per m 2 ) calculated for four reaches of the Rideau River shown in Figure 1 , from 1993 to 2015. The list of sampled sites within each of these respective reaches is found in Material and Methods.
Error bars: ± Standard Error (SE).
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